Trapping electron-assisted magnetic recording (TEAMR) has been recently proposed as a method of lowering the magnetic anisotropy of magnetic data storage media during write cycles. In this paper, we studied theoretically the TEAMR feasibility when an additional dielectric nano-underlayer is incorporated within the recording medium. We report a comparative study between a standard TEAMR data storage system and a dielectric underlayer TEAMR system. Our results indicate a substantial improvement in the electron trapping mechanism when a dielectric underlayer is used. A direct consequence of the proposed system is the effective reduction of the local magnetic coercive field when using this modified TEAMR design, which opens up the possibility of future developments based on TEAMR technology.
I. INTRODUCTION
T ODAY'S MAGNETIC data storage hard disk drive (HDD) technology is based almost entirely on perpendicular magnetic recording media (PMRM). The transition from longitudinal to perpendicular recording has allowed the industry to maintain the growth path in the areal storage densities, which almost doubled every two years. Since first commercial introduction of PMRM in 2005 by Toshiba, followed in 2006 by Seagate and Hitachi, Western Digital and Fujitsu, the technology has reached unprecedented areal densities of 500-700 Gb/in 2 in present day commercial HDDs. Further increases are possible indeed by shrinking the magnetic grain size (i.e., bit size). However, to maintain the thermal stability of the magnetic recording medium [1] , the magnetocrystalline anisotropy of the magnetic material has to increase proportionally with the decrease in the grain volume. Unfortunately, this additional increase in the magnetocrystalline anisotropy of the magnetic medium brings further complications in terms of the magnetic field levels supplied by the write pole to the magnetic storage medium. The obvious solution to this problem is to find ways to reduce the coercive field of the recording medium during the write process, followed by a relaxation back to its high anisotropy high thermal stability state of the recorded bit. So far, both academic sector and the industry have focused on a few technologies including the use of magnetoelectric coupling in multiferroic materials [2] to achieve a coercive field reduction of the magnetic recording medium via an applied voltage [3] - [5] . However, heat-assisted magnetic recording (HAMR) is by far the most promising technology to present date. In fact, in March 2012, the technology giant Seagate became the first hard drive manufacturer to report the milestone storage density of 1 Tb/in 2 using HAMR technology, which results in a remarkable 6 TB storage capacity of 3.5 in prototype disc drives [6] . Initially, this was predicted to reach commercial production by 2010, but due to extraordinary technological challenges related to HAMR technology, Seagate had to scale back the commercial introduction of HAMR hard disc drives. The latest predicted HAMR introduction in 2015 is again, perhaps, too optimistic. Recently, however, new alternative ideas to HAMR technology have been put forward, namely the concept of trapping electron-assisted magnetic recording (TEAMR) [7] - [9] . This technique relies on the fact that an electric field applied between the write pole and the magnetic medium can facilitate the transfer of free electrons to fill the valence band of the magnetic recording layer. The effect of this electron transfer is to substantially lower the coercive field locally. For example, a typical high anisotropy perpendicular magnetic recording medium material such as FePt has 18 valence electrons per unit cell with typical magnetocrystalline anisotropy energy per unit cell of around 3.2 meV. Adding additional electrons into the d-shells of FePt has the effect of dramatically reducing the magnetocrystalline anisotropy energy while leaving the saturation magnetization almost unchanged. In fact, it has been calculated that for 0.38 additional electrons trapped per unit cell of FePt, the material loses its magnetocrystalline anisotropy energy completely [8] . This makes TEAMR technology very attractive indeed, especially because it needs minor modification to the original perpendicular recording write pole by adding the bias line to create a high enough electric field between the write pole and the medium. Although there is some experimental evidence backing the TEAMR concept [10] , [11] , this is still a novel magnetic recording technology that has not yet been widely researched and published so far.
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. is added to the magnetic medium. Fig. 1 shows a diagrammatic representation of the originally TEAMR technology [9] , modified here to incorporate the additional dielectric underlayer in it. Initially, we intended to study the TEAMR concept in conjunction with the magnetoelectric coupling in multiferroic composites, when the dielectric layer is a piezo-ferroelectric material.
It is well known that the magnetoelectric coupling between the piezo-ferroelectric layer and the magnetic thin film medium layer can lower the coercive field of the magnetic medium when a voltage is applied to the piezo-ferroelectric phase. By combining this effect with the electron trapping technology (TEAMR), it is expected to achieve further improvements to the coercive field reduction offering potentially a better alternative to HAMR technology.
However, our initial modeling results suggest a substantial improvement of the TEAMR when using the additional dielectric underlayer, even without any magnetoelectric coupling contribution. A full comparative study is presented together with a detailed discussion of the principal results of this paper.
II. MODELING DETAILS
The main objective of this paper was to perform a computational comparative study of the electric displacement field (D) expansion in a standard TEAMR bit patterned medium system and a modified TEAMR system in which a dielectric underlayer is included. We calculated the number of electrons per unit cell of each system under identical experimental and structural conditions using Comsol multiphysics finite element simulator package. The configurations of both media systems studied are shown in Fig. 2 .
The standard TEAMR structure consists of overcoat layer, metallic grain (bit patterned medium), grain boundary and substrate/ground.
The modified TEAMR structure is virtually identical to the standard TEAMR, except that a dielectric material is added under the metallic magnetic bit grain layer (i.e., storage medium).
The resulting total thickness of each structure is the same. Metallic magnetic medium material used in our simulations is L1 0 ordered FePt. The grain boundary and the dielectric underlayer are defined dielectric materials while the dielectric permittivity of the overcoat film is a modeling variable in this paper. Fig. 3 shows the 3-D representation of each structure used to calculate the electric displacement field expansion using electrostatic module in COMSOL multiphysics. They consist of 3 × 3 magnetic recording bits (grains) of 4 × 4 nm each. The grain boundary size of each structure is 0.8 nm and the thickness of the overcoat film (typically, a carbon protective layer) is 2 nm. These correspond to an areal data density of the magnetic recording medium of over 25 Tb/in 2 with magnetocrystalline anisotropy energy per magnetic bit/grain of 5.48 × 10 −18 J. This energy gives a magnetic grain thermal stability ratio at room temperature significantly greater than 60, as required for a magnetic recording medium to be thermally stable for 10 years (i.e., (K u V/k B T ≈ 1330). The metallic FePt thin film is 8 nm thick in the TEAMR structure. In the case of the modified TEAMR structure, the FePt thickness is 4 nm, and the dielectric underlayer thickness is also 4 nm, so that the total thickness of the recording medium is the same to that of the TEAMR structure. The L1 0 ordered FePt unit cell is 0.4 nm, so each bit has around 10 × 10 unit cells. Therefore, in this paper, we set the element mesh size in finite element simulation program also at 0.4 nm. The computation analysis estimated the electric displacement field (D = ε 0 ε R E, with E = −∇ V) at the top surface and the side surface of the magnetic bits.
The electric displacements were then converted to number of electrons per unit cell, N, using the relation: N = DA/e, where D is the electric displacement field (C/m 2 ), A is the surface area of the unit cell and e is the charge of the electron (e = 1.602 × 10 −19 C). The surface area of a unit cell of L10 Table I , while the permittivity of the overcoat thin film is a modeling variable equal with 10-30, 60, and 90, respectively.
The electric potential used in our simulations was always 3 V dc , applied between the overcoat layer and the magnetic FePt thin film in the TEAMR structure, whereas in the case of the TEAMR with dielectric underlayer, the dc bias voltage was applied between the top of overcoat layer and bottom of the dielectric underlayer. Fig. 4 shows the number of electrons per unit cell calculated at top surface of the magnetic grain and the depth profile of the number of electrons per unit cell measured at the side interface in the case of a standard TEAMR structure. Our results are in good agreement with the data reported for similar structures in [8] . The data shows consistently that the number of electrons per unit cell at the top interface of the magnetic grain increases proportionally to the dielectric permittivity of the overcoat material. This result is important as it would indicate that development of overcoat materials with suitable dielectric permittivity would substantially improve the TEAMR effect. However, this apparent improvement is not sufficient as the calculation of the number of electrons per unit cell as a function of the depth from the top surface of the grain (into the thickness of the recording medium) decreases very rapidly [ Fig. 4(b) ]. At thickness of just under 1 nm below the top surface, the trapped electrons per unit cell almost vanish, which could weaken the benefits of the electron trapping to the coercive field reduction. Therefore, the number of electrons filling in TEAMR structure occurs only on the top surface of the metallic grain/magnetic bit as also demonstrated in [7] - [9] . This limits the applicability of this technology to extremely thin magnetic recording layers, which is not practical at this stage. Fig. 5 shows the same parameters calculated for the modified TEAMR with dielectric underlayer recording medium structure. Fig. 5(a) indicates a similar trend in the number of trapped electrons per unit cell as a function of the dielectric permittivity of the overcoat layer.
III. RESULTS AND DISCUSSION
Although the values obtained are lower than in the case of standard TEAMR, they are in fact more practical as density functional calculations indicate that around 0.38 electrons per unit cell in the case of FePt would cancel out completely the magnetocrystalline anisotropy [8] .
Moreover, the depth profile of the number of electrons per unit cell appears to be substantially improved in comparison with the standard TEAMR structure. Unlike TEAMR, where below 0.5 nm thickness from the top surface the number of trapped electrons per unit cell drop to near zero, in the case of the modified TEAMR structure, there is a substantial drop from the top surface value but the dielectric TEAMR structure retains large enough number of trapped electrons per unit cell throughout the entire thickness of the memory bit/grain. This is directly related to the large dielectric constant of the underlayer, which has the function to facilitate the propagation of the electric field lines deeper through the magnetic recording medium. Based on our calculations, an overcoat layer with ε R ∼ 10-20 would result in a value of trapped electrons per unit cell of ∼0.38, which corresponds to the minimum magnetocrystalline anisotropy value [8] . In other words, a magnetic recording device operating on this principle would require a 3 V dc bias applied between the top coat and the ground electrode to soften the coercive field of the FePt by almost 50% during the data write process. Upon the voltage removal, the excess-trapped electrons dissipate and the magnetic grain returns to its original high coercive field, thermally stable state. The added dielectric underlayer helps therefore to maintain the number of electrons per unit cell throughout the thickness of the magnetic recording medium.
Over coat materials with dielectric permittivity larger than 20 resulted in a number of trapped electrons per unit cell much larger than 0.38, which increases the magnetocrystalline anisotropy as well as reversing its polarity [8] . We also explored the effect of varying the dielectric permittivity of the dielectric underlayer, which is currently taken 3400 in this paper. Our calculations indicated that at fixed overcoat permittivity, when the permittivity of the underlayer is 1000 or larger, it has no significant effect on the number of electrons trapped per cell. However, an underlayer material with permittivity 100 results in 34% less trapped electrons at the grain boundaries and 16% at the grain top surface than an underlayer with permittivity of 3400.
We next investigated the geometrical effect of the grain/bit pattern size relationship to the thickness of the recording Assuming the optimum conditions given by the COMSOL simulations, in which the number of trapped electrons per unit cell is around 0.38 (i.e., magnetocrystalline anisotropy is minimal so magnetic reversal is optimal), then we represent the total number of unit cells filled by 0.38 electrons with red cells, while the unit cells not filled with trapped electrons or partially filled with less than required 0.38 electrons per unit cell are represented by white cells (Fig. 6) . Each TEAMR structure consists of 4 × 4 × 4 nm 3 magnetic grain, which corresponds to 10 × 10 × 10 unit cells per grain. As indicated by the diagram of reversed cells within a magnetic grain (Fig. 6) , in the case of TEAMR structure only the top surface of the magnetic grain shows TEAMR stimulated reversal [ Fig. 6(a) ], while TEAMR with dielectric underlayer medium undertakes reversal of the cells on the side surfaces of the magnetic grain [ Fig. 6(a) ]. It is instructive to calculate the percentage of reversed cells (PRC) per magnetic grain using
where N filled is the total number of cells filled with 0.38 trapped electrons and N total is the total number of cells per magnetic grain. Our calculations indicate that standard TEAMR structure undertakes, under optimum conditions, reversal of about 10% of the unit cells per magnetic grain, while the modified TEAMR with dielectric underlayer shows a 36% of the unit cells reversed. Clearly the modified TEAMR with dielectric underlayer shows better reversal performance relative to the standard TEAMR structure. However, to improve the PRC units per magnetic grain we studied a few other geometries of the TEAMR with dielectric layer structure. Fig. 7 shows four different aspect ratio grain pattern TEAMR structures corresponding to 10 × 10 × 10, 8 × 8 × 10, 6 × 6 × 10, and 4 × 4 × 10 unit cells, respectively. Our calculations indicate that, while different grain shapes had no effect on the numbers of trapped electrons per cell, the percentages of reversed cells per magnetic grain for these four geometries are substantially different: 36%, 43%, 55%, and 75%, respectively. Therefore, our data indicates that magnetic bit/grain patterns with in-plane dimensions smaller than the thickness of the magnetic medium show a more effective TEAMR reversal, with larger percentage of reversed unit cells per magnetic grain. This is a pure geometric effect related to the fact that smaller grains have larger surface to volume ratio and, since electrons are predominantly trapped on the surface of the grain, smaller grains will have larger percentage of cells with 0.38 or more trapped electrons. Hence, this geometric effect is also advantageous for further increases in the data storage densities as smaller the grain size relative to the thickness of the medium promotes better TEAMR reversal effectiveness.
IV. CONCLUSION
TEAMR is a viable and promising technology that could challenge HAMR. Theoretical calculations indicate that the inclusion of a dielectric layer of large dielectric permittivity under the magnetic recording layer, together with a suitable choice of top overcoat dielectric materials offers better electron trapping performance. A voltage excitation of typically 3 V dc would result in a dramatic coercive field reduction promoted by the TEAMR effect, as well as a possible additional magnetic softening via the electrically induced magnetoelectric effect. We therefore hope that this paper will stimulate experimental developments and the validation of TEAMR with dielectric/multiferroic underlayer magnetic recording medium.
